The histopathologic features of inflammatory cardiac disease are quite variable. To complicate matters, despite recent attempts to reach a consensus for the diagnosis and classification of myocarditis,7 inter-pretation of endomyocardial biopsy results is subject to rather dramatic interobserver variability.8 While myocyte necrosis and fibrosis are often seen on histopathologic analysis of myocardial biopsy specimens obtained from inflamed hearts, some investigators consider a focal interstitial cell infiltrate without myocyte degeneration or necrosis to be sufficient for diagnosis.9 Support for the latter perspective is derived from several studies in which fibrosis and myocytolysis were absent or minimal in the vast majority of cases of myocarditis and idiopathic dilated cardiomyopathy, despite concomitant severe cardiac dysfunction.10'11 The lack of fibrosis and myocytolysis and a reversible dysfunction in some patients with inflammatory heart disease led us to hypothesize that activated immune cells or their soluble products can alter cardiac function without cytotoxicity.
To examine this question, we developed a new system to evaluate cardiac myocyte contractility using cells established in monolayer culture on flexible biological membrane substrata.12 These preparations exhibited rhythmic motion resulting from the summed activity of spontaneously and synchronously beating cells that was readily observed visually. Videotapes of membrane-adherent markers under lowpower inverted microscopy permitted precise tracking and measurement of myocyte-mediated membrane movements.
Methods

Myocyte Cell Culture
Neonatal rat cardiac myocytes were isolated and cultured using a modification of standard techniques. 13 Acutely isolated neonatal cardiac cells were plated in 100-mm petri dishes at a density of 5x105 cells/ cm2. Dishes were washed exhaustively 30 minutes after plating, at which time selective adherence of nonmyocyte cells was achieved. 16 Medium identical to that used for myocyte cultures was then added and harvested after 3 days. Supernatants were clarified by centrifugation at 2,000g for 10 minutes, sterile filtered, and stored in aliquots at -20°C.
cAMP Assay
Following the incubation of myocytes under stated control and experimental conditions for indicated periods, culture medium was aspirated from wells and replaced with assay buffer consisting of PBS, 10 mM HEPES, 5.5 mM dextrose, 1 mM ascorbate, and stated concentrations of isoproterenol. After incubation for 10 minutes at 37°C, samples were quenched and deproteinized with perchloric acid (final concentration 0.6 M) and cooled to 4°C. Aliquots of samples were neutrilized with KHCO3 and analyzed for cAMP content by radioimmunoassay.17 Duplicate assays of quadruplicate well myocyte cAMP concentrations were performed for each experimental condition. Total cellular protein in culture wells was determined by Bradford assay18 following solubilization with 0.1N NaOH.
Statistics
The significance of differences between control and immune cell culture supernatant-exposed cellular responses to cytes, often with a loss of 40% of the original myocyte population. Because of our particular interest in a potential functional myocyte response to immune factors, we sought to obtain a more homogeneous population of contracting myocytes.
Acutely isolated cardiac cells were subjected to density gradient centrifugation through Percoll silica sol. Preliminary experiments demonstrated that myocytes exhibited a buoyant density of approximately 1.06-1.08 g/ml in isotonic fluid (data not shown). Subsequently, aliquots of a suspension of cardiac cells were centrifuged over Percoll, with the density in different tubes ranging from 1.040 to 1.090 g/ml. As shown in Figure 1 , cells migrating through Percoll solutions of greater than 1.070 g/ml density were uniformly 95-99% viable myocytes. Myocyte yield at the lowest density that effected this degree of purification was 45% of the initial cell number. These data compare favorably with those obtained by the selective adherence technique, with which only 80% purity could be achieved. For all studies presented here, contaminating blood cells were eliminated from the myocyte suspension by centrifugation over a Percoll step gradient (1.070 over 1.095 g/ml). Myocytes measure relatively small myocyte sarcolemma displacements as an index of cellular contraction.21 23 Because of myocyte attachment to rigid substrata in these studies, the degree of sarcolemma displacement is highly dependent on the membrane location being monitored.
To circumvent these methodological difficulties, we used human placental membrane as a flexible biological substrate on which to culture myocytes. The synchronous activity of spontaneously contracting cells caused the circular area on which cells were plated to contract regularly. For measurement, membranes were transferred to a perfusion chamber for recording of motion under low-power microscopy. Linear displacement of areas on the membrane was visualized readily by tethering several points on the periphery of the otherwise free-floating membrane. The time-dependent displacement of one point on a representative preparation, measured from a videotape, is depicted in Figure 2 , top. Of particular note, maximal membrane displacement is nearly 200 ,um, equivalent to approximately four cell lengths. In addition, beat-to-beat temporal variability and displacement variability are minimal. Maximal displacements varied by less than 5% under a given perfusion condition.
Despite the well-behaved motion of single points on a given membrane, three factors contributed to variability in myocyte-mediated membrane motion between different membranes and between different points on the same membrane. First, the placental membrane segments varied in thickness and compliance, and compliance decreased with time after myocyte syncytium formation. Second, peripheral tethering necessarily altered the imposed load, and this could not be experimentally fixed. Third, the central portion of the circular area on which cells were plated experienced forces generated by contracting cells on all sides, while forces imposed on the peripheral regions were more unidirectional. Thus, we concluded that determinations of contractile force could not be compared between different membrane segments, even of the same preparation. However, for a single point on a given membrane preparation, a relative change in contractile state in response to a stimulus could be measured as long as the load and mass of the system were not altered.
Myocyte Inotropic Response to ,[3Adrenergic Stimulation
To examine the effect of ,3-adrenergic agonist stimulation on myocyte contractile responses using this system, myocyte-mediated membrane motion was recorded before and after addition of isoproterenol to the perfusate. The motion of a single point on each membrane was recorded before and after agonist exposure without intervening manipulation of the membrane to ensure that load was not altered. As shown in Figure 2 , bottom, isoproterenol produced increases in beating rate and maximal displacement.
To quantify changes in contractile velocity, the average rate of displacement during the initial two frames of the contractile phase of five consecutive beats was determined before (vo) and after (vag) agonist perfusion and expressed as a ratio (vag/vo) to provide an index of contractile response to the agonist. This two-frame time interval was selected to maximize the detection of changes in maximal contractile velocity and to reduce error. Comparison of displacement measurements from longer intervals underestimated true changes in contractile velocity because of inflection in the displacement versus time curves. Subjectivity in assignment of the frame in each cycle during which contractile motion could first be detected and variation in the actual duration of motion in the first video frame, since motion could be initiated at any time during that frame, constituted the major sources of error. Determination of displacement over a two-frame interval and averaging the readings of five consecutive beats reduced the contribution of these error terms. Because /3-adrenergic agonists produce enhanced contractile function via stimulation of adenyl cyclase24 and consequent increases in intracellular cAMP concentrations, correlative metabolic effects of immune cell factors on this system in the myocyte were investigated. Medium conditioned by lectinactivated rat splenic cells inhibited myocyte cAMP concentration increases in response to J3-adrenergic stimulation. Isoproterenol increased the control cell intracellular cAMP concentration from a basal level of 10 to 145 pmol/mg protein. Supernatant exposure for 72 hours produced inhibition of cAMP concentration increases by up to 60%, with an EC50 of 10-20%. Detailed analysis of the time-dependence of this cAMP-suppressive activity revealed that the effect was first manifest after 24-48 hours, persisted for up to 7 days, and was reversible within 3 days upon discontinuation of supernatant exposure. 25 To eliminate attribution of this immune cell culture supernatant effect to medium exhaustion or nutrient depletion, medium harvested from cultures of cardiac nonmyocytes (fibroblasts and mesothelial, endothelial, and smooth muscle cells) was tested for myocyte cAMP-suppressive activity. As shown in Table 1 , myocytes that were susceptible to splenocyte supernatant-induced inhibition of agonist-mediated cAMP concentration increases were not affected by fibroblast-conditioned media. Myocytes incubated in 50% (by volume) fibroblast-conditioned medium had a 134±19 pmol/mg intracellular cAMP concentration following stimulation with isoproterenol, which was not significantly different from the control cell cAMP concentration (p =0.11). Studies using supernatants from other cell culture sources indicated that myocyte cAMP-suppressive bioactivity was produced exclusively by activated macrophages and/or lymphocytes. 26 This bioactivity was immunologically nonrestricted since conditioned media from Lewis, Buffalo, Brown-Norway, and outbred Sprague-Dawley adult rats (including mothers of the animals killed for myocyte preparations) all contained virtually equivalent bioactivities.
Preliminary characterization studies revealed that the activity was proportionately increased by the concentration of supernatants by pressurized filtration (Amicon YM-10 membrane [Beverly, Mass.], 10-kDa cutoff). As shown in Figure 5 , serum-free medium conditioned by concanavalin A-activated rat splenic cells had myocyte cAMP-suppressive activity. After fivefold concentration, this same medium was significantly more potent, producing 31% inhibition at a concentration of 6% by volume compared with 14% inhibition produced by the 10% by volume unconcentrated supernatant. Thus, activity could be attributed to a substance with a molecular mass greater than 10 kDa. These studies demonstrate that a soluble product of activated immune cells is capable of interfering with cardiac myocyte /3-adrenergic responsiveness. Exposure of cells to immune cell soluble factors significantly decreased contractile velocity and chronotropic responses to isoproterenol stimulation. As a caveat, it is necessary to note that, since supernatant exposure resulted in an inhibited chronotropic response to stimulation, it is possible that the observed inhibition of augmentation of contractile phase velocity was due exclusively to a frequency-force relation and not to a true alteration in contractility. Definitive evidence would require measurements of cells paced at a rate exceeding the maximal agoniststimulated rate. Nevertheless, supernatant exposure clearly interfered with myocyte responsiveness to adrenergic stimulation.
Sterin-Borda et a127 reported that lectin-activated human lymphocytes produced positive chronotropic and inotropic effects on isolated rat atria. That study differed significantly from our work in several crucial aspects, in addition to the obvious methodological differences. In that study, immune cells were coincubated directly with atrial strips, the time course of the effect was acute (10-50 minutes), the effect was seen on otherwise unstimulated muscle and ,3-adrenergic antagonists did not influence the effect, and the stimulation of inotropy and chronotropy was sensitive to inhibitors of lipoxygenase and appeared specific for a subpopulation of T cells. Given these numerous differences, those results are not in conflict with ours.
The inhibition of physiological responses was associated with a corresponding decrease in adrenergically stimulated intracellular cAMP concentration increases. Importantly, the basal contractile function and cAMP concentration of immune-conditioned myocytes did not differ from that of controls. This is consistent with previous observations that these cells do not differ from normal with respect to general cellular metabolism.26 Temporal limitations of the system used to measure cultured cell contractile responses precluded assessment of reversibility of the immune factor-induced inhibitory effect. However, parallel studies have demonstrated reversal of myocyte cAMP suppression upon discontinuation of supernatant exposure.25
Since catecholamines are the principal physiological mediators of augmented cardiac contractility, these observations may have important implications for understanding the congestive heart failure of inflammatory heart disease. There are several potential mechanisms by which immune factors might produce blunted adrenergic responses without affecting basal metabolism and function. We have shown that ,8-receptor density and affinity for ligands are not altered in myocytes exposed to immune cell-conditioned media. 
